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Due to the raplid development of turboeupercharged
engine instellationsg, considerable confusion has arlsen
regarding the proper .metnod of teating and of interpret-
ing the test results. A egtandardized test code 1ls cer-
tainly undesiraeble at thils time, but a record of the ac-
cumulated experierces of various englneeres expressed in
the form of a "Resommended Procedure” may be helpful, It
may eeslst in avolding certain pitfalls and serve as a
polnt of departure for improved techniques and equlpment.
In the spirit of providing such a record, and with zo
thought %o limli oxr oppcse the test procedures now in use
in varlous engineering organizations, this report ls pre-—
sented,
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RECOMMENDED TEST PROCEDURE FOR AIRORAFT BNGIND
TURBOSUPERCHARGER POWER PLANTS

By NACA Subcommittee on Recovery of Power from Bxhaust Gas
I. INTRODUCTION

This procedure is designed to provide fozr the alr-
craft, englne, turbosupercharger manufaetureras, and other
interested groups a guide for instrumenting, testing,
and pregsenting the over-all characteristice of any englne-
turbosupercharger installation,

Primarily, a turbosupercharger and an engine are
mechanlsme for mainteining and utilizing a welght flow
of alr. The power delivered by the engine depends dl-
rectly on the welght of combustible charge consumed per
unlt time; and the usefulness of the turboesupercharger
s measured by ite adility to provide the necessary alr
wvaight flow, Thus, the only bond between the two com-
ponents of the system is air flow; and alr flow ias the
only satlisfactory means for relating, testing, and de-
scribing the performance of a turbosupercharger-engine
combination. The oparticular eignificance of this fact,
with regard to flight test planning, is clear, Adequate
means for determining the air flow through the compres-
sor, the engine, and the turbosupercharger must be made
avallable. 'This may be done by calibrating .the engins,
the carburetor, or providing venturl meters or survey
rakes in the intake ducts. The best method 1e to employ
meters; however, particular instesllations may preclude
thelr use, Air-flow determination must be deliberately .
and carefully provided for,

Experience has skhown that too often the wrong kind
of data 1s taken because of lack of preflight planning,
appreciation of the problemes involved, goals to dPe at-
talned, and inedequate instrumentation. In general, 1%
will require less than half as many conditions or points
to establish a curve wvhere specific variables are con~
trolled as are required when only random observations are




made. Thus, actually, considerable time and expense may
be saved in the long run 1f well-controlled test condi-

tions are malntalined.

By closely adhering to the test procedure the above
pltfalls may be eliminated and the maximum amount of use-
ful and essential informgetion will be obtained at a min-
imum of flight time and expense,

II., PURPOSE

‘The purpose of this procedure is to point out general
methods of conducting and analyzing tests accurately and
quickly to determine the safety and performance character-
istice of an englne-turbosupercharger inetallation., In
specific cases 1t may be deslrable to conduct consideradly
more teste than specified. The scope of this report will
extend only to that necesgsary to prove out a new lnstalla-
tion and to provide data for a check of the performance
analyeis of the installation,

III, PREFLIGHT ANALYISIS OF ENGINE-~-TURBOSUPERCHARGER SYSTEM

Perhaps the greatest value of the preflight analysls
i 1ts educating influence on the interested personnel.
The flight test orew members are thereby forwarned of
otherwise confusing phenomena and are conseauently abdble
to get good reliable data without waeting flight time.
The preliminary analysis will indicate what dats should
be teken to draw curves for answering any epecific ques-
tion or to solve a given problem. The poseibility of re-
cording a great amount of useless data ies eliminated. If
the data are taken as planned, the work of final analysis
will be simplified. The rapidity with which postflight
analysis can be made, if the pattern for analysie 1s al-
ready defined, makes it possible to formulate intelligent
opinions and decisions before the next flight. Too often
several flighte of a program are finighed before the re-
sults of the firet are analyzed.

A, Construction of the Gombineq Performance Curves
In order to 'show the performance of the engine and

the turbosupercharger on one ‘curve sheet, coordinates
must be srlected which are common to both. The co-



ordinates us=~d here are air flov and carburetor alr
-inlet pressiire. Except for duct leakage, the welght
flov ‘of alr through-the .compressor 1s the same as
thet through the engine. Also, the alr flow, the
fuel flov, and the vaste-gate effective area, deter-
mine the flow through the turbine, again neglecting
leakage. The carburetor inlet pressure 1s the conm-
pressor discharge presgure minuvs the duct loss and
intercooler pressure dror. Thus the engine aAnd turbo-
supercharger variables both may ha plotted on the
same coordinates of alr flow ‘and carbturetor pressure,

In the case of an engine without turdbosupercharg-
ing, carburstor pressure varles directly vith altli-
tude; the turtosuvercharger, however, imnos2s a var-
iable relstion between cardburetor pressure and alti-
tude. As 1t would involve a three-dimensional plot
to include altitude As a variable, it ia held con-
stant vhen constructing comtined englne-turbosuper-
charger performance curves. An example of such a
curve sheet 1s showvn on flgure 10 for a constrnt al-
titude. Normally these curve sheetgs are mnde at
increments of 5000 feet altitude. In constructing
these curves, the verformance data for the eagine,
the turbosupercharger comnressor, the intercooler,
and the turbine are cazlculated separately and super-
imposed on the single set of coordinates.

l. Fngine Parformance

Adequate information must be obtained from the
engine manufacturer on the air-flow characterig-
tica of the engine. "The neceganry. engine curves
nre: An air-flow calibration (air flov vs.
cerburetor alr presgsure at variouns edpine speeds
vith corrections for (a) carburetor air tempera-

" ture, (b) exhaust back vpressure, (c) effect of
carburetor air temperature (C.A.T.) oh manifold
absolute mregsure (M.A.P,) lineg); pover calidbra-
tion of englne =2t bagt vover with corrections for
variation in mixture strength, and spedific fuel
congsumption agalnst sngine revolutions per minute
for constant horsepover lines. Examples of the
forms used are shown 1in figures 1, 2, and 3,




In using these data, they are firat repletted
in the form shown in figure 4., The following
should be noted concerning thie engine-perform-
ance plots ‘ .

a. The datﬁ are for the same carburetor mixture
a8 the original data - generally best power mix-
ture.

b. The engine curves are full throttle or for
one definlte part-throttle position.

¢. The exhaust back pressure 1s assumed equal to
the carburetor pressure.

d. A fixed carburetor alr tempereture ls assumed,
usually 100° ¥, The change from one carburetor
alr temperature to another is usually accomplished
by means of the relation

Alr flow, T; abeolute
Air flowy T, absolute

Performance of Turbosupercharger Compressor

Speclfication curves for the turdbosupercharger
compressor will be asupplied by the turbosuper-
charger manufacturer., Filgure 6 illustrates one
type of compressor performance curve. This chart
is used to find compressor speed and discharge
temperature for given operating conditions, The
method is indlcated by the example traced out on
the chart. Due to the variation of efficiency
wlth the Mach number, 1t ie necessary to correct
the speed obtained from the chart for inlet tem-~
perature, A correction curve 1le provided.

It will be noticed that the chart haa been
plotted using values of inlet temperature and
pressure rather than altitude, This has been
done so that inlet conditions other than those of
the NACA altitude may be easily handled. Such
conditions ariase from the consideration of inlet
ram and pressure drop in the inlet duct, from use
of standard summer air and temperature rise in
the inlet duet.




b,

Intercooler Performanpe

.. Tha data daslred for a complete analysis arex

a., The pressure drop of the engine air as a
function of the ‘veight flow of engine alr and
the density at the intercooler entrance and
exit

b. The intercooler effectiveness, wvhich 1a de-
fined as

- to = Td.
I.E‘ TQ'- TO

vhere

T, temperature of engine alr at intercooler
entrance

Tq temperature of engine alr at intercooler
discharge

T. temperature of cooling air at cooling eir
entrance

The effectiveness depends on both the engine
air flovw and the cooling air flow; the cooling
air flov in turn 1s dependent unon the dynamic
prossure of flight, the flight altitude, and
the intercooler ducting. The intercooler
performance therefore becomes involved in the
asdrodynanics of the alirvlane. Since this is
the cnae, 1t 18 usurl to assume a presgure
drop and a carburetor alr temperature, 1 inoch
of mercury and 100° F, respectively, being
representative of good installations.

Turbine Performance

The functien of the superchrrger turbdine 1s to
furnish the power reguired by the compressor. It
affects the over-all pover plant chiefly by the
bagk pressure it imposra on the eanglne, and the
limitation on the range of operation determined
by the closing of the wvaste gate. Thus, the items
of interest are the nozzle~box pressure and tem-
perature and the pover condition at which closed
vagte gate ocours,



The turbine performdince data &are supplied by the
turbosupercharger manufacturer. Figure 6 illus-
trates one type of turbine performance curve. The
method of determining the nozzxle-box pressure for
8 glven condition is indicated by the example
traced out on the shart,

The two altitude scales on the turbine chart
are gcales for the back pressure on the turbdine.
If, because of an exhaust hood or the pressure
distribution about the airplane, this turbdine dis-
charge pressure differe from the atmospheriec pres-
sure, the altitude equivalent of the actual pres-
sure would be used,

The waste-gate position depends upon the dif-
ference between engine exhauat welght flow and
turbine welght flow, and leaskage in the exhgust
ducting.

It 18 usually desirable, in caloulating waste-
gate positlion, t0 neglect leakage flow, and then
to correct the waste-gate position obtained for
an assumed leakage. Exhaust leakage varles among
similar ingtallations and even from day to day on
the same lnstallation. Due to the uncertainty of
this factor, it is convenient not to introduce 1t
into the ecalculations, but to take 1t into ac-
count at the end in the form of a correction fac-
tor. )

To calculate the waste-gate position:

1, Determine the total exhaust flow by adding
the engine air flow and the fuel flow, as 0b-~
tained from the engine curves,

2. Oalculate the flew through the turbine no%-
gles. A curve such as that shown in figure 7,.
together with the turbine nozzle effective area,
can be obtained from the turbosupercharger manu-
facturer, '

3. Subtracting the turbine nozzle flow from the
total exhaust flow gives the waste-gate flow plus
leakage flow,

4. Assume leakage flow equals Eero.




6. Using figure 7 and the same noxzle-box pres- ’
sure used in step (3), the waste-gate effective
area 1lg obtained.

‘6;‘ A curve such ;s.thaf-iﬁbwﬁ\iﬁ fléﬁre 8 may be

obtained from the turbosuperscharger manufacturer.
This will give the waste-gate angle corresponding
to this effective arsa.

7. 4 correction for leakage ils now applied 1if
desired, The effective leakage area is estimated
as a percentage of the sum of the effective noz-
zle ares and waste-gate area (found in step (6)),
The effective leakage area is sudbtracted from the
waste gate area and the angle corresponding to

thie net waste-gate area is obtained from figure 8.

Combined Performance

To construct the combined performancs curves,
lines of constant compreesor speed, compressor
dlscharge temperature, nozzle~box pressure, pulsa-
tion, and waste-gate position are euperimposed on
the engine ocurvee as shown in figure 10,

a. Compressor apered lines

By means of the compreesor specification
chart (fig. 6), several pointes on a line of
congtant compregsor speed can be found in
terme of alr flow and compreasor dlscharge
pressure for a glven altitude. Assuming a
constant repreeentative intercooler pressure
drop, these points can be plotted directly
on the baslic ailr flow ~ carburetor air pres-
sure coordinatesn.

b. Compressor djischarge temperature

Lines of tonstant discharge temperature are
obtained in a similar manner,

¢. Nogzzle-box pressure lines

From the turbine specification sheet (fig.
6), the nozzle-box pressure is found for sev-
eral compressor weight flows at a given com-
preesor temperature rige and altitude. These




values, as well as those for several other
temperature riges,. are plotted against air
flow for constant valueg of compressor tem-
verature rise, From this plot, points of
compressor tempersture rise agalnst air flov
for a constant noczle-box pressure can be
read off. The temperature rise is then con-
verted to compresgor discharge temperature
and the lines of constant nozzle-box pressure
plotted 6n the combined performance shest
using air flow and compressor diascharge tem-
perature as coordinates,

d. Vaste-gate position lines

The vaste-gate position must be cmlculated,
as explainsd in section 4 above, and lines of
constant vaste-gnte angle plotted on the sheet.

B. Use of the Combdined Parformance Curves for Preflight

Analyeils
1. Altitude Curves

It has been explained that the combined per-
formance curves can be plotted only at comnstant
altitude., It 418 esesential in flight test work to
predioct the changes that take place in the vari-
ables vith altitude. To plot variable altitude
curves, 1t 18 only necessary to cross-plot the
various engine-~turbosupercharger varlables vhlch
are shovn on figure 10.

These curves can be used for predicting the
data that will be recorded during a rated pover
climb, for instance, and will wvarn of any limit-
ing condition that might bYe approached during the
climbd or during the level runs at any altitude.
They can also be used for predicting critical al-
titudes due to limiting turdbosunercharger smeed,
closed vaste gate, or compressor pulsation. A
method for estimating critical altitudes from the
compregaor specification curves is given in scc-
tion C, below.,




Range of Power, Closed Waste Gate, and Pulsation
Lim@t RBuns et Constant Altitude

The combined performance charts suggest several
metnhode of obtaining the desired results. Each
method has ite advantages depending upon the use
for whioh the data are intended and the speed and
ease” at whilch they can be obtained.

a. éonstant engine revolutions per minute

This method of testing will provide data
whioh may be easily eorrelated with the pre-
flight analysis and will provide informatlon
for flight operational instructions. In this
methéd, the manifold ebsolute pressure ia

_varied by means of turbo boost mlong a con-
stant engine speed line, Approximetely
equally distributed test points should be odb-
talned at each of the designated engine-rev-
olutions-per-minute values over a range of
manifold pressures. The following engine
revolutions per minute should be tested:
military, normal, and then further reduced in
small decrements (usually 200 rpm). The ini-
tial manifold pressure at each engine revolu-
tions per minute should be the highest permit-
ted by the engine manufacturer for that revolu-
tion per minute, and the lowest may be that at
zero turboesupercharger boost. The manifold
preasure should then be reduced in deorements
of epproximately 4 inchea of mercury or in
such decrements that four teet points will
cover-the normel expected manifold preesure
range, ‘'When the range 6f manifold pressures
to be tested is limited by closed waste gate,
compreseor pulsation, or system instabilitles,
"l% 13 then preferable that the initial mani-
.£614 pressure be the minimum and increased 1n
increments until the limiting factor is reached.

b. Decreasing engine speed at constant bdrake
mean effective pressure

In this ﬁethod, the closed waste-gate line
will be intersected at nearly a-right angle.
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The procedure is slightly more difficult to
perform since an automatio control 1s not
avallable for holding brake mean effective
pressure congtant and two coatrols must de
ad jueted to obtain the deeired sondition,

c. Constant turbosupercharger speed

Varying engine speed and turbosupercharger
boost so ‘as to hold the turbosupercharger
speed constant also results in a good inter-
section of the closed waste-gate line, The
method of control ie the same as in "b",

d. Closed waste-gate line

The easlest method of obtaining data at
closed waste gate 1s by operating along the
closed waste-gate line itself. The method
of getting onto the closed waste-gate line
1 to reduce the engine speed to a low value
and then apply full turbo control. With this
condition, the regulator 1e calling for more
pressure than is avallable and closes the
waste gate, Pointes along the line may be ob-
talned Py increasing the engine speed in
small increments until limiting conditions
are reached.

8. Pulsation limit

Under some coniitions on some installatlons,
compresaor pulsation willl be erncountered be-
fore cloged waste gate is reached. The com-
presscor pulsation line is therefore a limlt-
ing condition and is determined by the pro-
cedures as described adove,

Note: The above tests should be conducted at full
throttle; however, if part-throttle operation is desired,
the above procedures may be repeated at the desired con-
atant throttle getting. Additional charts similar to
figure 10 will be required to show part-throttle perform-
ance.,

C. Method of Estimating Critical Altitude on the Compres-

sor Specification Chart (Fig. 6)

1. OChoose the engine power for which the critical
altitude is desired.
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2,

6.

6.

10.

11.

11

Obtain the corresponding weight flow from the
engine curveas.

Ghoosénéalﬁiii%ﬁﬁé near the expécted oritical al-
titude.

Enter compresgor specification chart at lower

left welght flow scale, proceed vertically upward
to the altitude temperature, horizontally to the
altitude ocompressor inlet pressure, and vertically
to upper right quadrant.

Obtain required carburetor pressure from eﬁgine
curves,

Add estimated intercooler and duct .loss (usually
asgsumed as 1 in. Hg). This givee the required
compressor diescharge pressure.

Enter chart at the required compressor discharge
pressure, proceed vertically upward to the altl-
tude compresaor inlet pressure, and horizontally
to intersect the line drawn in step (4) 'in the
upper right quadrant. Thies gives the firet point
of a line of econstant mass alr flow which 1ls
squivalent to constant engine power.

Repeat steps (4) and (7) for eeveral altitudes
until well above the expected critical altitude
and connect the pointe to give the .constant mass
alr-flow line.

Divide the rated compressor speed by the correc-
tion factor for the temperature corresponding to
the expected oritical altitude.

Sketch the corrected speed on figure 6 and read
the eritical altitude at the intersection of the
constant. mases alr flow line with the limiting
turbosupercharger speed line.

If further refinement is desired, divide rated
speed by the correction factor for the tempera-
ture oorresponding to the ceritical altitude found
in step (10) sketoh in the new correocted gpeed
line, and read final estimated aeritical altitude
from-intersection with air maess flow line, If
the firet estimgtion was reasonably close, thie
last satep will be unnecessayy.
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12, DBote that ram at the compresror inlet and inlet
temperatures differing from standard altitude
temperatures may be taken into account ian the
process 1f desired,

13, Oritical altitude caused by compressor pulsstion
will be evident i1f the plotted constant air maes
flow line arosses_the pulsation line on the chart.

D, Method of Estimating Criticael Altitude from the Com-
bined Performance Chart (Fig. 10)

1, Straight-line interpolation between the charte 1ls
suffiociently aeccurate for estimating critical
altitude,

Iv. REQUIRED'ENGINE-TURBOSUPERGHARGER TESTS

The problem of reducing the human factor is as im-
portant in flight test procedures as.it 1s on dota record-
ing (as described in sec. V). Procedures nust be de-
veloped and thoroughly.indoctrinated in the flight per-
sonnel to prevent errors in decielons and observations
made during the flight. The flight crew must understend
the speclific problems of each test and understand wkat
the data are expected to demonstrate or prove. Developlng
such an understanding of the test will prevent irrational
teset in flight and will quallfy the flight engineer to
meke unscheduled checks in flight necessary to explore
any pecullier condition. The grester.the effort toward
educating flight personnel the better and more economical
wlll the test becomse,.:

In general, some important variable should be held
constant while other variables are varied to obtaln the
desired curve., Before flight 1t should bde decided whet
1s to be proved or lesrned by the test. The anelysis
engineer should establish the curves necessary to prave
the given problem. The flight engineer 1s recuired to
take data from which these curvee may be drawn.

The following will descride tests necessary to estab-
lish the over-all engine-turbosupercharger performance
from the standpoint of proving out the installation with
respect to safety, cooling and mechanical operatlon, as

e 8 | ' F N INEN f % f EI 1@ 11 E® B 11
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¥vell as engine-turdbosupercharger performance, Additional
tests may be necessary 10 anewer specifie questions and

to provide ocomplete design performanue data but are not
included in this report.

Bngine-turboguperchargsr combination tests should be
divided into two general classifications:

A. Installation Tents
B, Performance Tests

The following tests should be run for bPoth the above
classlifications:

Ground)teat on engine nacelle test stand (if avail-
able

Ground run with ingtallation in the completed alr-
plane

Flizht tests

The background for the high-altitude flight teets
will be the ground and low-altitude tests. This should
suffliciently prove the installation so that high-alti-~
tude tests can be free from as many uncertalntles 1in the
installation =28 1& poseidle.

A, Installsastion Tests
l., IEngine Necelle Test Stand
a. Tunctional operation of installation
b, Functional performance of component parts

(1) General operation of engine (carburetion,
cooling, and accessories)

(2) Ducting -~ leakage in exhaust and induc-
tlon pystems .

(3) General operation of turbosupercharger
system (lubrication mechanical operation
of turbosupercharger, wheel tempsrature,
exhaust flaming, ete.)
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¢c. Speclal tests

(1) To be decided by agreement betveen inter-
eoted marties :

d. Data to be odtalned
(1) Record all data of section VI A and B
6. Test procedure

(1) Run various speeds and povers as recom-—
mended by engine and turbosupercharger
manufacturers. )

Engine turbosuperchafger installation 1ip completed
ailrnlane, Tests to be econducted should bYe similar
to those of the ground test stand.

Fllght Tests

These should include tests similar to the
ground teets and should include aercdynamic and
altitude effects on the installation, Check
functioning of all instrumentation and test eauip-
ment. Action of pover-vlant controls, and their
characterigtics should be noted.

Perfarmance Tests

1,

Engine Nacelle Test Stand
a, Reguirements for take-off
b. Specinl tests

(1) To be decided by agreement between inter-~
ested parties.

c. Data to be obtailned
(1) Record all &ata of VI B and if desired
VI A. Basic engine data are necessary;
the other data vill provide an ovvor-
tunity to work out instrumentation
problems and technlqus=s,

d. Test procedure
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(1) Bun various powers to cover as wide a
range g8 poseible of exhaust bvack pres-
sures, carburetor air pPressures, and 80
forth., "

Engine-turbogupercharger installation in completed
alrplane, 'Teste to be conduocted eshould be similar
to those of the ground test stand,

Flight Tests
a, Low altitude flight (velow 15,000 ft)

(1) Take-offs for the first flighte of a
turbo installation should be made with
the turbo control in the low boost posi-
tion. Use turbo for take-off only after
the eafe functional operation of the
power plant has been proved in flight.
At sltitudes below 15,000 feet set rated
and mllitary pcwer at full throttle,
turbo as required, mixture as specified,
Take photoe of instrumente, In this
flight, chack functioning of all instru-
mentatlon and test equipment. Action of
power plant controls and their charao-
terlestice should be noted.

(2) Filight tests should be made to conform
to the data as described in III B of
Preflight Analysis. Pulsation is not
likely to be ercountered during these
1ow-n1titude flights.

(3) Data to be obtalned

(a) Record all dats of section VI B and
if degired VI A,

(4) Procedures

(a) Same as described in this section
under nlgh-altitude fllght

b. High altitude flight (above 15,000 ft)

(1) Performance tests desired



16

(a)
(v)
(ec)
(a)
(¢)
(£)

(a)

(v)

Critical altitudes

Closed waste-gate lines

Pulgation lines.

Power .accelerating oharacterlstics
Power-control characteristics

Special tests

(2) Methods of obtalning desired results

_The object of teste (1) (a), (b),
and. (c) above should be to ‘provide
ochecks on the preflight analysis
disgussed in section III, The data
required will be determimed by run-

"ning oonstant engine-revolutions-per-

minute lines in level flight at
various altitudes, usually in 5000
feet levels, J¥rom these data the

.1teme of (1) (a), (v), and (e)

above may be determined.

Data tc be recorded: All readings
indicated in VI B and if desired
VI A,

Test procedure:
At full throttle, mixture as spes-
tfied for the engine revolutions
per minute, intercooler shutter
open, the following procedure should
be followed:

Set engline revolutions per minute.

Ad juest turbosupercharger boost

until limiting manifold pressure or turbo-
supercharger gpeed is reached. Allow a
short period of time for stabilization.
Record data and decrease manifold pres-—
sure approximately 4 inches of mercury.
Repeat until the desired manifold pres-
sure range 1s covered. The above pro-
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"cedure should be repeated at ths desligrnated ensine
revolutions per minute until closed waste gete,
compressor pulsation, or system instability be-
comes a limiting factor. At these points 1t has
teen found edvisable to start at the minimum mani-
fold pressure and increase until the limiting con-
dition is reached.

If found necessary, the above mrocedure may
be repeated for part throttle ovperation and/or for
checking effect of intercooler.

By preoper coordination of the test the above
procedure may be guickly accomnlished. Suth data,
ineludinz stabilizatlon, have bsen obtalned at a
rate of less than 2 minutes per condition. Cer-
talin data may be otrtained by methods other than
taren' (1.e., constant engine rom) testing. Thus
for data at specifiec operating limltations the
procedure is as follovs:

Critical Altitude (max. limiting turbssupercharger
speed)

From the level flight data critical altitudes
nay be accurately estlimated by interpolation for
all povers. Wnen data at critical altitude are
required, short constant mnowver, constant revolu-
tion per minute c¢climbs may be made so tkat data
will bracket estlcated critical altitude.

For example, A military pover critical al-
tituda climd would proceed as follows:

From level flight dato or preliminary ansl-
vels estimate the military power critical alti-
tude. At an altitude of approximately 5000 feet
below estimate set militAary povwer on test engine
At full throttla, mixtvre as spescified, and so
forth, and begin climb.

Take reedings every AN0 feet altitude. When
the maximum turbine speed 1g reacked, take read-
ing and regulate turbosupercharger revolutlons
nper minute to this constant value. Continue to
climb and reduce power to rated condltions at end
of 5~-minute limit.
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Limiting Powveran.as Determined by Closed-Waste-
Gate Lines

The following procedure saould be used to
establish & closed waste-gate line, Closed waste-
Zgete conditlons sare the only turbo conditions that
are sensitive to changees 1n ram. Ram, therefore,
should Pe held constant or mllowed to vary ac-
cording t0 normal change in speed with charnge 1in
power.

Hold the alrspeed constant on multiengine
alirplanes. Hold alrplane sltitude constant, open
throttle full, mixture aes speciflied, intercooler
shuttere full open,

Reduce turbo boost to low position. PReduce
engine revolutions per minute to a low value
(e.g.,1400), Specific values are used for il-
lustrative purposes only. Advance turbosuper-
charger boost to the high position. (The first
motlion of the boost control causes a slight 1n-
crease in engine power and the regulator closes
the wanrte gate. Any further motlon of the boost
control has no affect whgtsoever on the power
condition, JFrom now on through this curve the
regulator is inoperative.) Take a reading at :
1400 rpm. Advnance propeller governor control to
give 18CO0 rpm (et closed waste gate the excess
erhauat gar gvallable to accelerote the turbo-
supercharger 1s wrastically nil; trpm will in-
crease slowly). When turbosuparcharger revolu-
tions per minute nuve increased and gtabillized,
take reading.

Increase engine revolutlons per minute to
1600, Allow turbosupercharger revolutions per
minute to staebilize and take resding.

Increasse engine revolutions per minute to
1700 (or snough to cause rise in carburetor air
pressure of approx. 4 in. Hg). Take reading.
Repeat process until condition 1s limited by ex-
cesslve manlfold absolute pressure or compressor
plusgation aystem ingtadbility ie reached. As so0oOn
as the run is complete retard turboaupercharger
boost conirol so that excessive manifold absolute
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pressure will not be developed in the event that
the eagine revolutions per minute should be in-

-areased further. -- . -

Technigue for determining sccelerating character-
lgtlcs

Record time 1n seconds to move control to
ne¥w nosition and additional seconds for system to
reach new condition. Tske all readings indicated
in VI B.

Adjust turbosupercharger control to give de-
sired pover (e.g., normal or military) with throt-
tle wlde open. Close throttle, leaving turbho-
superchargser coantrol set. Do not exceed critical
turbosupercharger revolutioas per minute and keep
well out of pulsetion. Opan throttle as fust as
practicable, A almilar »rocedure should be em-
ployed to determine ths tlime to govern from low
to high powers ané high to lou, Tegts should be
repeated At geveral altitudes, Immediately unon
attaining the dsossgsircd altitude and mfter 15 min-
utes at altitude.

An alternate test vould be to determine the
time required to ckanme from cruleing engine
pover condition to normal or military condition
with varying engia-= speed.

Adtust vower vlant controles to give normal
crtlsing oower with full throttle and record tire
1o seconds to move controls to new position and
addlitional seconds for system to reach nev con-
dition., Take all readlngs indicated in VI B.

Repeat the sbove procedurs for several 4dif-

ferent sequencas or techniques of povwer plant con-
trol operation.

Tests should be repeated at several alti-
tudes, immrdietesly upon attcinling the desired al-
titude and after 15 minutes at altitudse.

Procedure for investigating control characteris-

tics



Due to the considerable number of regulator
types now available, 1t 1s not practical to give
all test procedures in this report. In general,
the procedure should consist of determining the
validity of the manufacturer's specifications by
climbing at constant regulator control sebttings.
Also the atability charascteristics during steady
end transient conditions should be observed dur-
ing tests by continuous photo recording. IEx-
ternal influences such as control cables, rods,
cockpit controls, and so forth, should be eval-
uated in appralsing the characteristics of regu-
lator.

Take all readings indicated in VI B,

V. TUNDAMENTAL OF ACCURATE DATA RECORDING

Pergonnel Instruction

The personnel in charge of specific observing sta-
tions should be qualified by previous test engineering
and demonstrated religbllity on previous flight teets,.
Unlees indoctrinated by immediately preceding flights,
they ehould be given detall inetruction on theilr
dutier and thelr share of the flight program and its
importence to the final results,

Mechanical Eecording of Data

The recording of performance data must be free of
huran errors, and accomplished by synchronized me-
chanical mesns. Thie necessitates full photo and/or
chart recording of data. In all cases automatic
temperature recording should be used if availadle,

Even under the ideal condifions of comfort and
gpace found on a test stand, manual data recording
cannot hope to compete with the accuracy and speed
of a photo recorder. In an airplane, wvorking condi-
tlons are much worse and manually recorded data be-
come bad at best. Aoccurate analyeis 1ls almost im-
poszible with menually recorded data. Fhoto record-
ing leaves the flight engineers free to handle their
jod - that of observing (instead of hurrying to get
manual readings while something important 1ls belng



21

missed). Photo recording doee not elimlnate the
flight englneer., It makes hlis position more valuable
in that it leaves him free to'apply engineering su-
pervislon instead of push a pevcil.

No manual data should be taken except that which
ls requireé to provide a log of the flight, It def-
ipitely compromlees the decieclong made rezarding the
flight and often reflects personalities rather than
facts. '

Synchronization of Roadings

If mcrs thsu one photo panel 1s used, 211 cameras
must by synchronized to teke a plature at the sanme
instant c¢f time so that all éata will be prouperly
correlated. This one item - correlation of all data
with reespect to time will 4Amprove the conslstency of
data more than any other pracavilon.

During o recent series of tests an automatic con-
tinuouas atrip recordsr was used to record engine data.
A gimuletsd brake mean effective pressure, revolvtlons
per minute curve (similar to many actually obse-ved)
will ©e drawn for illustrative purposes, The fore-
goirg record (fiz. 9) was mads fecr a supposedly con-
stant, ectable power corditicn. Hotics that tarece var-
latlons or cscillaticny exist. The minvite fluctua-
tione due to ingtrument vlbration are usually ircon-
sequentlal and ceau be nvereged out by reasonebly long
exposLras., Tha eycle observed be:ween A and B vakes
Place over 1lrrogulsr intervals aud 1s easily dlstin-
guishable. The cycle Ttetween 1 and 2 1e likewlso
readlly observed and is at speclfied test condition,

¥Yow suppose that one obsarver id recording ravolu-
tloce per minute each minute; arcther is recording
brake mean effective pressure, at a different szation,
each minute. If the revolutioans per mlnute recorder
makes an observation at C and a few ssconds latsr the
brake mean effective preessure recorder takes his ob-
servation et D, the product or brake horsepover will
be considerably in error for either inetant.

(Even on a teet stand where all conditions caen be.
accurately controlled, these varlatlions cen be de-
tected. In flight where conditions cannot be con-
trolled, such variations are accentuated.)
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In the past, flight tests were only functional
checks, and since no analyeis was intended suzh errors
were tolerated. With the present trend toward sclean-
tific analysls of all flight problemes, 1t is imper-
ative that the data be egual to or of greater accuracy
than that needed for the type of analysis planned.

A word nmust be sald about temperature recording.
Exact correlation with respect to time is not essen-
tial. Unlike manometers the terperature readings are
not a function of the acceleration of the airplane or
roughness of the air, nor are temperatures noticeadly
responelve to varlations in power that occur over a
period up to 5 or 10 seconds. (See A to B, fig. 9.)
They are responsive to changes 1n powser that occur
over a period more than 15 seconds. (See 1 to 2, fig.
9.) It ie obvious that correlation within a few sec-
onds of time 13 sufficlently accurate for temperature
recordinrg. When an automatlic recorder ies used many

temmeratures may be taken and several complete cyclesmay b

made during the running of s curve. The potentiome-
ter operation should be adjusted to cycle the perform-
ance dete during the interval of photo observation,
and the general inforrwatlon readings may be spaced
between such oYservations.

When an automatic recorder is used, the frequency
of eycling ehould bhe fast enough eo thet the tempera-
ture may be taken off the chart at the time nearest
the photo exposure wlthout plotting the temperatures
agalnst time,

Any rmanometer station should be equipped with a
sengltive verticsl accelerometer. Any photo which
gkows an acceleration (vertical) greater than 0.02¢g
ehould never be transcribed unless sultable correc-
tions can be worked out and applied. The manometer
observer should be second to the engineer conducting
tke test in exvdsrience and kxnowledge of ths test and
gshould operate the master switch for the cameras.

The manomsters are the most responsive indicatlion of
flight variablses and must be correctly observed to assure
that. the deta willl be useful. It is useless to

take data while large oscillatione occur at the manom-
eterg - unless, of course, specific oscillatlons are
telng lnvestigated and s motion plcture camera 1s

belng ueed,



The extreme value of effective technique in-record-
1ng data cannot be overestlmated. Gonatant_thought
and training must be applied to this item.

VI. MEASUREMENTS TO RECORD

Installation Data (Preliminary)

The following measurements will provide informa-
tion pertalning t0o the gafety and mschanical design
of the installation which muet be checksd at the
start. These readings need not be observed sinul-
taneously nor machanically, but should coaform to
the accuracy requirement of %“he psrformance dets, 1f
necessary. The number arxd nature of readings to be
observed should be specifilied and agreed upon by the
engine, turboeuperchar-ecr, ond airrlane manucfactvrers,

1. Englae DNata

a. IEagine cylinder heand and base or coolant (in
and out) temperaturss

b. Zngine 0il temperastuies
¢c. Eagine 01l pressures
d. Intcke manifold temveranture and pressuro

e. FYuel-air ratio by thermal conductivity or
fuel flow rate

f., Exhaucet back pressure at oengine
€. 3affle or radistor pressure drop
2, Turbo Data
a. Oil eyrtem temperatures
b. O0il system pressures and/or flow
c. Temperature of the ;urbina parte; wheel,
nozilie box, host shiolds, exhaust manifolds;

and so forth

d. Temperature and flow data of the turbine
co00ling aystem
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3. Duoct Date, Leakage Tests, Fressure Logs, Velocity

and Temperature Surveys-'

a.
b.

C.

Compregssor inlet duct
Compressor to carburetor duct

Intercooler coeling air duct, in and outf

4. Alrcraft Data

8.

b.

Metal temperature of housing, shields, shrouds,
and so forth, around exhaust system

Skin temperature of nacelle or structure im-
mediately around, and aft of the exhaust dis-
charge passage

Performance Data

The following measurements are the minimum required
for performance analvseis and must be measured accu-
rately and simultaneously.

l, General Data

- Y
b,
C,

d.

Time ~ hours, minutes, and seconds

Pressure altitude

Atmospherie temperature, free air

Indicated alirspeed |

Engine revolutione per minute

Brake mean effective pressure or engine torque
Throttle position

Mixture setting

Waste gate position

Turbo revolutions per minute
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k. Cardburetor alr flow
--1l, -Carbvuaretor -fuel-flow .-
2. Pressures (all shielded total head except where
noted)

a. OCompressor inlet, absdlute or differential
above air statilc

b, OCompressor outlet, absolute or differential
above alr etatic

¢, Carburetor inlet, absolute or differential
ebeve alr statle

d. No.zle-bor inlet, gabsolute or differential
above air static.

2. Turvine exhaust taill-ripe pressure
f, Manifold, adsolute incaes of mercury (static)
g. Intercooler engine ailr drcep, differesntisl

. Intercooler coolin.: air drup, differentinl

Bl

()

. Temporatures (deg ¥ cr T)
a. Comprecsor inlet air

b. Compiesrcy outlet air or comprogsor air rise,
difvarentied .

c. Carburetor inlet air
d. X¥xhaust grs norzlie box
¢. Intercooler engine eir drop, differentlal

£f. Iantercoolser cooling air rige, differential
VII. IHSTﬁﬁﬁENTATIOH (METHODS OF MEASUREMENTS)

It is patent that fligkt type of service instruments
can form the backbone of the instrument setuv, and they
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should be used where suitable. Due to mandatory mechan-
ical recording, any manually balanced or adjusted in-
struments such as conventional potentiometers are ruled
out. All instruments must be of the direct indicating or
automatically recording type. Special non-~service appa-
ratus should be checked carefully before use for pogsidble
errors due to shift in position, accelsration irn all di-
rections, vidbration, rapid change in aumvient ‘vemvderature
and vressure, and so forth, The use of mgnometers is ac-
ceptable with certain limitations (see below) but .the
eneroid or airspeed type of pressure gage is much more
convenient gnd requires no0 engineering attentlon during
observations.

If an accurate difference is required, such as the
pregssure drop across an intercooler, or the temperature
rise in the compressor, it should be measured as a dif-
ference directly rather than derived from the difference
cf the two absolute readings involved. This need not be
an extra instrument as one of the absolute reading in-
struments, sometimes both, are eliminated.

A, Pressures

A11 pressure tavs in the engine air and induction
system should be shielded totzl-head type except
those in the manifold. The shielded or venturi type
consists of a small impact tube mounted with the open
end a2t the throat of a small venturi and the whole
unit mounted in the air stream. This type has the
advantage of being comparatively insensitive to
changes in angle between direction of flow and axis
of impact tube.

The tube connections to the instruments on the
photo panel should have a minimum ingide diameter of

0.18 inch. Shallnv holes than this are very suscep-
tidle to accunuistlon of slugs of liquid and are
hypersensitive 10 minute leaks in bhe system. There

are some remoite indicating electric pressure gages ab
preseat aveilable which may be used provided their
reliability and temperature stavility are assured.

In deciding updn ths point of messurement, con-
sideraticn should De-given %0 the turbuleance and
stratification presenv, end to the pressure rise or
drop betveen the point of messurement and the point
at which the pressure is desired A1lthough the
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normal rules are generally not practicable in airplane
installation, the following principles should be con-
sidered:

1. Jieasurements should be made as far downstream as
possible from any bends or obstructions, prefer-
abdly 10 pipe diameters.

2., Measgurements should not be closer than 2 pipe
diameters to a downstream bend or obstruction.

3., Measurements should not be located close behind
temperature msasturing elements or any other ob-
struction,

4, Impact pressures should be measured at a point of
average velccity, normally a2t an immersion of 15
percent of the pipe diameter unless otherwise in-
dicated by the duct surveys mentioned in VI A 3,

It is definitcly recommended that pressures included
in the performance data be measured by flight type of
anercid or differential pressure gages, such as the ab-
solute menifcld pressure gage and the indicated airspeed
gose. Phe latter should be calibrated in inches of water
or inches of mercury,

Alsitude should be indicated By a sensitive altimeter
its equivalent connected t0 the static tube of the air-
seed head.

s g

7]

o}
s

-

If manometers are used, they should be of the single-
leg reservoir type arranged in a closely spaced bank and
have both end manometers of the bank connected to the air-
sneed static pressure, A gimple vertical accelerometer
and pendwvlum ilaclirometer should be installed on the
board and, in addition, should be shown in the photo.
Various means have been successfully used for transcrib-
ing such wanometer data, the simpnlest of which appears to
be & ground-glass screen ruled with a graduated scale
completely across the face and used in a projection
viewer in conjunction with gage-point markings on the
manometer board for adjusting the enlargement to the cor-
rect scale. The ruled ground glass can then be shifted
%0 index with the two static manometers, which permits
all the other manometers to be read directly from the
scale, No data should be transcribed if sppreciable
arcelevatiar ic indicated or §f the inclinometers are not

- T e e ——— e g e = — ot e



28

square ¥ith the indexed scale. Sultadble low-temperature
fluid should be used. Water traps should bde avolded and
all pressure lines should be checked for their exlstencs
at frequent intervals as well as for leaks and proper con-
nectlione in the lines.

BI

Temperatures

Except for exkraust gas, all temperatures should be
rmeasured with either iron constantan, copper constan-
tan, or copper copnic thermocouples or small resiat-
ance bulb elements. Quick recording tyre instruments
sre available, which are satisfactory for flight
service, that vill worl: with elther temvarature sen-
sitive elemsnt. Such a recorder can be employed to
teke 8ll temperatures by the prover grouping of the
gsequence of observations so that the nerformance data
temneratures ar» observed at anproxlimntely the same
time the nhoto resdlngs are made.

1. In fighkter-type alrcraft there 1s seldom room to
inotall such recorders in addition to a pkoto
nanel. In tkis case direct irdicating instru-
ments for temperature are required on the photo
panel and all perforrance datm temperatures may
be taken br resistance bulbs in conjunction with
ratio-tvpe indicating met-rs, Most fllght type
of indicating thermocouple meters are unsatis-
factory on accuracy and stabllity counts for tkils
use.

2. Exhaust-gas temperatures and metal associated
tkerewith should be taken hy using chromel-alumel
thermocouples used vith the arpropriate instru-
ments. Since most of theege temperwstures are in-
formative datae they may te manually observed vith
an indicating- or potentlometer-typc instrument,
but tha nozzle-box inlet tamperature should be
indicated on a cold junctlion compensated milli-
voltmeter on the nhoto panel And employ a shielded
type of tkermocounle in the exhaust pive. (See
p. 34 for raference 1.) Tha shielded couple is
essential to reduce the error due to radiation to
the much colder pipe, an error vhich may amount
to 200° F in some installations.

AN
.

It is highly desirable to take differential tem-
perature reandings on the cnmoresgsor ri=ze and the
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intercooler drops. This may readily be accom-
Plished by using iron-constanten thermocouples or
their equivalent arranged in series with  all the
cold Junctions on one side and the hot Junctiona
on the other gide of the heat exchanger, turbdo,
and so forth, Copper leads should be used from
the harness and the Junctlones betweenr copper and
thermocouple wire must bPe made in the same duct
and located together as they form the equivalent
of one junoction., The output from the copper
leads 1s connected to a standard millivoltmeter
on the photo panel, This system has the advan-
tages 0of multinlying the voltage available: thus
ellowing the use of a rugged meter without los-
Ing acouracy or sensitivity, eliminating the cold-
Junction compensating errors, and providing an
aversging means for gensing the temperature in
various places in the duct, It is not essential
to use speclal instrument diale gzreduated in tem-
perature as the over-all calibration curve can be
used inete2d of the usual calibratlorn correction
curve, At least five palrs of couples should be
used for compressor rise and engine air drop in
the intercooler. ¥For measuring the cooling ailr
rise throughout the intercooler the number of
courles required depend on the ducting setup, In
the usual case, where the cooling alr discharges
intov a plenum charmber, a minimum of 12 to 16
Pairs of couples should be used and spaced sym-—-
metrically with respect to the intercooler face
80 that each couple 1s located in the mlddle of
an equal flow arsea, The couple wire may be
ihresded through the air channels and joined
about an inch or so away from the face.

Eates and Position Indicators

Thoee itere can employ standard flight inestruments

wvhich have bPeen carefully inspected and checked for
calibration and stability.

1‘

3.

Time - Standard alrcraft clock with a second hand.

Engine and turbine revolutione per minute may be
indlcated with direct-cable connected instruments
or remote indicating electric-type instruments.
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3. Fuel flow may be indicated by one of several
types of meter, - None of the commerclal articles
have reached the point of reliability and accu-
racy which 1s desired yet they still contribute
a valuable indication affecting engine functions.
A direot reading meter on the photo panel 1s es-
sential for this lnstrument.

4. Indlicated airspeed may be taken by the usual alr-
Plane ingtrument. Only on airplane performance
tests is exact airspeed required.

5. Carburetor air flow should preferably be measured
by the use of venturl meters in the duct between
intercoolers and carburetor. An elrepacd head
may be used for the pressure differential reading.
This meter should be calibrated against standard
orifice meters in association with the lnter-
coolers, ducts, and carburetor scoop assembled as
used in the flight installation,

5§, Carburetorithrottle position, waste-gate position,
mixture-control setiing, and various other re-
oauired position indicatione can bPe handled Dby
elther direct mechanical linkage (where feasidble)
to the photo panel, or by the use of Selsyn or
Autosyn remote indicating equipment,

VIII, PRESENTATION OF RESULTS

Tabulation and Plotting of Test Data

The reduction of test data must be desiguned to
permlit speed, accuracy, and usefulness of the test
data. It 1s essential that data be available and
ready for analysls as soon as possible after a flight,
and preferably before the next flight of the prcgrem.
These requirements demand that transcriptioa of the
data be accomplished immediately after lauding. In
order to be organized in useful form, the p:rformance
data must be segregated from the installation data
and tabulated (corrected for inetrument error) in log-
ical order on a performance data sheet.
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1, Plotting of Perfarmance Data

-a; - For olimb,. plot. the followlng against pres-
sure altitude. (Ses fig. 15.)

Engine brake horsenover

Turbo aspeed

Waste—gate poslition

Indicated airspeed

Manifold pressure

Compreasor discharge prassure
Cardburetor prossure

Nozzle~-hox pressure

3

Compresaor 1

1ley pressura
Standard atmosphe-ic pressure. (reference 2)
Exhaust gas, tmreraiure at nozzle dbox
Compressor discharge tamperature
Carburetar tcmperature
Corpressor inlet temperature
Cutside air tumperature
Standard atmosphkeric temperature (reference 2)
b. For a serlas of level flights at varlous
enzina novers, 1t has bteen fouré very useful
tn Dlot the basic data listed Abeve agalnst:
turtine rrvolutione per minute for a given
altitvde. ZExamnles ar= ghovn 1in figurses 11,
12, 13, and 1k,
c. OCorreet all curves in a and b above far

daviation of outsids air temperature from
NACA standard tempersture and replot.
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General Operating Conditions of Installation

a. Cooling: (Engine, turbosuperchargers, ex-
haugt shrouding, magnetos, generator, ete.).
Plot all avallable dats agalnet pressure al-
titude for constant engine power, lndicated
airspeed, cowl-flep position and flight con-
dition (climd and level flight).

bP. Lubrication: (Engine and turbosupercharger
oil systems). Plot data agalnst pressure al-
titude and time for rated power c¢limb and
normal descent fror saltitude. Plot against
time for military, reted, and cruisling power
in level flight at maximum altitude.

Ground Tesats

a. Plot variables as listed in 1 above against
manlfold preesure each for constant engine
revolutions per nminute.

Fligkt

a. Or installation tesrts the date should be
plotted as in 2 and 3 above.

b. On performance tests the data should be plot-.
ted as in 1 above,

Special Tests

a. Special teats wlll be plotted according to
agreement between lnterested partles.

Fresentatlon and Analysis of Results

1.

Curves plotted in A. above are presented as re-
sulta ae well as serving asn a source of data for
calculations andéd for cross-plots are shown in
fligure 15,

Correlation of flight-test results with those ar-
rived at in preflight anslysis: The data obtalned
in level flight should be reduced to the condi-
“lons assumed in the preflight analysis and
plotted on the combined performance charts (fig.
10). The degree of correlation and consistency
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Various plote of one significant variable against
another may be uged to provide data from which to

'plot special curves on.the basic alr flow and

carburetor pressure coordinates., For example,
pPlot waste-gate position agalnst engine speed at
oonstant turbosupercharger speed so that waste-
gate-poasition lines may be plotted on the basio
engine~turbosupercharger curves, PFPlots of in-
etallation dgta to prove gsafe and normal funa-
tioning of the installation should be constructed
t0 sult the particular conditions involved,

In general, the final analysis will follow the
form of the preflight analysis. The practice
will insure rapid interpretation of the resulta
and the analysis of the data.
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